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SUMMARY 

Six uncambered wing models were tested in the Langley Unitary Plan Wind Tunnel 
to identify and study leading-edge thrust at supersonic speeds. Three of the models 
had arrow wing planforms and the other three had their planform leading edges modi- 
fied to produce constant, 100-percent thrust from the half-semispan station to the 
tip. Wing airfoils had a maximum thickness of 4 percent and had three bluntness 
ratios (Leading-edge radius)/(Chord), which varied from sharp to blunt. The tests 
were conducted at Mach numbers of 1.6, 1.8, 2.0, and 2.16 with a stagnation tempera- 
ture of 125.00F and Reynolds numbers per foot of 2.0 x lo6 and 5.0 x lo6. 

The test results showed that significant benefits from leading-edge thrust and 
nonlinear thickness effects can be generated with very little airfoil bluntness, that 
these benefits were lost when the airfoil was severely blunted, and that such bene- 
fits seem to be produced on wings with linear-theory-defined supersonic as well as 
subsonic leading edges. Predicted axial-force increments agree reasonably well with 
measured values when the airfoils were moderately blunt but were in poor agreement 
when the airfoils were sharp or very blunt. Agreement between available-thrust 
theoretical and experimental lift-drag polars and lift-drag ratio curves was good for 
wings with moderately blunt airfoils and fair for wings with sharp airfoils, but poor 
for wings with very blunt airfoils. 

INTRODUCTION 

Leading-edge thrust has long been a vital part of subsonic wing theory, but only 
recently has it become accepted as potentially exploitable on wings in supersonic 
flow. During the early supersonic transport feasibility studies, wings were designed 
with thin, sharp, airfoil sections as well as other thin or slender components to 
minimize wave drag. These airfoils worked admirably in reducing wave drag but theo- 
retically eliminated the generation of useful leading-edge thrust; therefore, with 
little or no thrust theoretically expected, none was looked for. The same situation 
persisted when calculation methods for optimum camber and twist were introduced and 
applied to supersonic-cruise wing planform design. 

However, experimental data did not always support the expectations of zero 
leading-edge thrust. Often sizable differences between measured and predicted axial 
forces were found (ref. 1, typical); differences that could be explained most simply 
by leading-edge thrust theory. A methodology for estimating leading-edge thrust on 
wings in supersonic flow had been introduced in reference 2. With the use of mea- 
sured pressure distributions, it provided local and total leading-edge thrust coef- 
ficients. This method was supplanted by linear-theory solutions which replaced 
experimental with theoretical pressure distributions (ref. 3)  and utilized digital 
computer technology to quickly and easily calculate distributed and total thrust 
coefficients. An improvement (ref. 4)  permitted the effects of wing thickness, 
leading-edge radius, and Reynolds number to be included in an estimate of attainable 
or realizable leading-edge thrust. These improvements were combined with linear- 
theory thickness effects and nonlinear thickness effects to obtain a prediction 
method for modified linear-theory wing analysis (ref. 5). 



Since e f f e c t i v e  leading-edge t h r u s t  seemed t o  be generated on s o m e  though not 
a l l  wings with sharp leading-edge a i r f o i l s ,  it appeared l o g i c a l  t h a t  exp lo i t ab le  
l eve l s  of t h r u s t  could be obtained by s l i g h t l y  modifying e x i s t i n g  wing f ea tu res .  
With both theory and experiment necessary t o  v a l i d a t e  t h i s  idea,  a series of f l a t -  
camber wing models w e r e  designed and b u i l t .  These models would be used t o  determine 
the  amounts of leading-edge t h r u s t  t h a t  could be generated,  assess the  p o t e n t i a l  
bene f i t s  of a leading-edge t a i l o r i n g  method suggested i n  reference 3, expand the  da ta  
base of performance f o r  blunt-leading-edge wings a t  supersonic speeds, and check t h e  
pred ic t ion  c a p a b i l i t i e s  of t he  methods which w e r e  reported i n  references 4 and 5. 

In t h i s  paper,  a wind-tunnel study of leading-edge t h r u s t  and i t s  e f f e c t  on wing 
performance is  reported.  The wing models used i n  t h e  tests are described, and the  
fea tures  s p e c i f i c a l l y  incorporated t o  generate des i red  d i s t r i b u t i o n s  of t h r u s t  a r e  
highl ighted.  Resul ts  of t he  tests and comparisons of theory and experiment a r e  pre- 
sented and discussed. 
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pitching-moment coe f f i c i en t  

t o t a l  normal-force c o e f f i c i e n t  

pressure  c o e f f i c i e n t  
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mean aerodynamic chord 

sec t ion  axial-force c o e f f i c i e n t  

s ec t ion  normal-force 

sec t ion  leading-edge 

c o e f f i c i e n t  

t h r u s t  c o e f f i c i e n t  
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a i r f o i l  equation constants  i n  f i g u r e  l ( c )  and t a b l e  I 
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Aa 
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free-stream Mach number 

pressure,  l b / f t 2  

Reynolds number per f o o t  

leading-edge r ad ius  a long free-stream d i r e c t i o n  (see table I) 

body rad ius  (see table I)  

reference  area, 300.0 i n 2  

temperature, OF 

maximum wing th ickness  

d i s t ance  along longi tudina l  a x i s  

longi tudina l  d i s t ance  a f t  of leading edge 

longi tudina l  d i s tance  t o  a f t  end of body ( f i g s .  l ( a )  and ( b ) )  

longi tudina l  d i s t ance  t o  lead ing  edge of wing t i p  ( f i g s .  l ( a )  and (b)) 

dis tance  along spanwise a x i s  

d i s tance  normal t o  X-Y symmetry plane i n  right-hand coordinate  sense 

angle of a t t ack ,  deg 

= a -  a 
sym 

= (M2 - 1) 
1/2 

a increment 

leading-edge s w e e p  angle,  deg le 

CI- Mach angle,  deg 

5 = x'/c 

Subscr ipts :  

LT l i n e a r  theory 

ie l ead ing  edge 

max maximum 
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NLT 

N L  , THK 
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r 

S 

sym 

minimum 

nonl inear  theory 

nonl inear  cor rec t ions  due t o  wing thickness  only 

condi t ions a t  zero l i f t  

r o o t  chord 

s tagnat ion  condi t ions 

symmetry po in t  on axial-force curves 

MODELS 

Design 

wing planforms w e r e  chosen f o r  the  leading-edge t h r u s t  study: a re ference  TWO 

planform and a thrus t - l imi ted  planform. 
chosen because the  a n a l y t i c  so lu t ions  f o r  l i f t ,  drag, and 100-percent leading-edge 
t h r u s t  w e r e  r ead i ly  ava i lab le .  A t h r u s t  l i m i t  ( des i r ed  spanwise v a r i a t i o n ) ,  f o r  a 
design Mach number of 1.6, w a s  imposed on the  second planform a f t e r  an ana lys i s  of 
da ta  from references 1 and 6 showed t h a t  on uncambered, subsonic leading-edge wings, 
inboard-generated upwash tends t o  separa te  the  outboard-wing a i r  flow a t  modest 
angles  of a t tack .  This l i m i t ,  explained i n  t h e  sec t ion  "Description," r e su l t ed  i n  a 
gradual unsweeping of t h e  leading edge which, a s  hypothesized i n  reference 3, would 
permit flow t o  remain a t tached  a t  angles of a t t ack  beyond t h e  range of s m a l l  t o  
modest. 

The reference planform w a s  an arrow wing 

Description 

Figure 1 shows the  reference arrow wing, t he  thrus t - l imi ted  modified arrow wing, 
and the  a i r f o i l s  used on these  wings. Table I has the  dimensions assoc ia ted  with 
these wings. Both wing planforms had the  same span, wing area ,  inboard sweep angle ,  
and balance body. They d i f f e r e d  mainly i n  t h e  outer  wing sec t ion  where the  modified 
arrow leading edge w a s  unswept t o  achieve a constant  value of 100-percent leading- 
edge ' t h rus t  from half-semispan t o  t i p .  
4 percent a t  45 percent of chord. Leading-edge bluntness ,  designated by ( r / c ) l e ,  
was set a t  th ree  values: "sharp," ( r / c ) , e  of about 0.0005 but ,  i d e a l l y ,  of 0.0;  
medium blunt ,  ( r / c )  ,e = 0.00235; and blunt ,  (r/c),e = 0.00470. N o t e  expanded s c a l e  
i n  f igu re  l ( c )  which was used t o  show t h e  r e l a t i v e  bluntness  of t he  a i r f o i l s .  Fig- 
ure  2 shows the  spanwise t h r u s t  va r i a t ion  ( t h r u s t  l i m i t )  and i t s  e f f e c t  on leading- 
edge parameters a t  t h e  design Mach number of 1.6. The method described i n  r e fe r -  
ence 3 w a s  used t o  compute the  modified leading edge, but t he  method of reference 5 
was used t o  analyze the  wing performance because t h i s  modified method became ava i l -  
ab le  about t he  time t h a t  t he  wind-tunnel t e s t s  were performed. 

The a i r f o i l s  had a maximum thickness  of 

TEST CONDITIONS 

The tests were conducted i n  the  4- by &foot l o w  supersonic speed tes t  sec t ion  
of t h e  Langley Unitary Plan Wind Tunnel. Aerodynamic force  measurements w e r e  made 
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with the models in Mach 1.6, 1.8, 2.0, and 2.16 flow. To insure turbulent flow over 
the wing surfaces, a No. 50 size grit was applied along a 0.0625-in.-wide band 
0.125 in. behind and normal to the leading edges. Reynolds numbers per foot of 
2.0 X lo6 and 5.0 x lo6 were used in the tests. 
on all models at all test Mach numbers whereas the higher Reynolds number was used 
only on the arrow wing models at Mach numbers of 2.0 and 2.16. Originally, the arrow 
wing models were scheduled to be tested at the higher Reynolds number at all test 
Mach numbers. However, the test-section angle-of-attack mechanism was unable to 
maintain model attitude, so data at Mach 1.6 and 1.8 were not obtained. Stagnation 
temperature and pressures are shown in the following table: 

The lower Reynolds number was used 

~ 

- 1  

M 

1.6 
1.8 
2.0 
2.16 

1.6 
1.8 
2.0 
2.16 
__ -~ 

2.0 

5.0 

R 

106 

106 

Ts, OF 
I 

1078.6 
1153.8 
1253.2 
1349.0 

2697 0 
2885 0 
3134.0 
3373.0 

In table 11, the test combinations of Mach numbers and Reynolds numbers are 
given. Base pressure was recorded and used to correct the force and pitching-moment 
data to free-stream conditions. Strain-gage accuracy and test data repeatability 
established average data limitations as follows: 

Coefficient 

. ~ 

CN 
CA 
'm I _ _ -  

fO 0040 
f. 0003 
f.OO1O 

f0.0020 
f. 0002 
f. 0004 

! I 

RESULTS 

Wind-tunnel data from the six wing models at Mach numbers of 1.6, 1.8, 2.0, and 
2.16 are recorded in tables I11 through VIII. They were corrected for normal-force 
and moment flow-angularity effects as well as balance-bore misalignment. No correc- 
tions were made for grit drag since it was assumed to be small and well within the 
accuracy limits of the instrumentation. 

Although conventional correction techniques removed flow-angularity effects from 
the normal-force and moment data, they did not simultaneously remove these effects 
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from t h e  ax ia l - force  data .  It i s  shown i n  subsequent s ec t ions  why t h i s  occurred and 
how t h e  ax ia l - force  data w e r e  t r e a t e d  to obta in  meaningful information on leading- 
edge t h r u s t .  

A sampling of da t a  w a s  ex t r ac t ed  and used t o  prepare f i g u r e s  3 t o  6 which are 
p l o t s  of ACm/ACL I and ‘D,min as a funct ion of M and (r/c),e. 

These parameters provide information on t h e  m e r i t s  of planform, camber and t w i s t  ( i f  
)-’ for comparing t h e  re la t ive any) ,  and thickness .  Figure 3 shows measured 

performance of t h e  two planforms and t h r e e  b luntness  r a t i o s  a t  t he  t e s t  Mach numbers. 
For a f l a t  camber wing which is  not  generat ing leading-edge t h r u s t ,  

t he  drag-due-to-lift parameter ( ACD/CL2)o are equal. When both leading-edge t h r u s t  

and vor tex  e f f e c t s  are present ,  

Since t h r u s t  e f f e c t s  are discussed la ter ,  values  of 

determine whether nonl inear  bluntness  and/or th ickness  e f f e c t s  w e r e  p resent  as an 
inf luence  on planform performance. 

(‘La,o 

)-’ and 
(‘La,O 

)-I. 
(‘La, 0 (ACD/CL2)o w i l l  usua l ly  be less than 

)-’ w e r e  compared t o  
(‘La, 0 

The data i n  f i g u r e  3 suggest t h a t  leading-edge bluntness  is  a nonl inear  f a c t o r  
)-’, which changes very l i t t l e  with Mach number. These d i f fe rences  i n  

in (‘La,o 

)-’ (‘La,o 

edge. Leading-edge l o c a l  Mach numbers would then vary with bluntness,  and t h e  e f f e c t  
would be f e l t  across t h e  e n t i r e  wing surface.  Cm10 
which i s  camber-surface sens i t i ve .  In figure 4, Cm,O i s  seen t o  be about zero 
(wi th in  measurement to l e rances ) ;  t h i s  i nd ica t e s  t h a t  t h e  wing camber sur faces  are 
e f f e c t i v e l y  f l a t  plate.  The z e r o - l i f t  s t a b i l i t y  parameter ( ACm/ACL), ( f i g .  5 )  
shows both expected and unexpected va r i a t ions  with Mach number, planform, and 
bluntness.  For both wing planforms, t h e  sharp and medium-blunt a i r f o i l  data have 
similar l e v e l s  and t rends  as t h e  Pkch number increases .  Data f o r  t h e  b lunt  a i r f o i l  
paral le l  and almost overlay t h e  da ta  f o r  t h e  sharp  and medium-blunt a i r f o i l s  on t h e  
modified arrow wing bu t  are separated by a s i z a b l e  gap f o r  t h e  arrow wing i n  f ig-  
ure  5 ( a ) .  A c l o s e r  examination of t h i s  bluntness  e f f e c t  i s  shown i n  f i g u r e  5 ( b ) .  
The modified arrow wing 
range of bluntness  parameter - (r/c) ,e between 0.0005 and 0.00470. For t h e  arrow 
wing, ( L E ~ / A C ~ ) ~  i s  almost constant  between ( r /c) ,e  = 0.0005 and 0.00235 bu t  then 
inc reases  markedly between (r/cIle = 0.00235 and 0.00470. 
probably caused by t h e  inherent ly  conica l  na ture  of a t t ached  flow over arrow wings. 
E f fec t s  of leading-edge bluntness  which are introduced a t  t h e  wing apex spread over 
t h e  whole wing. In con t r a s t ,  t h e  decreasing leading-edge sweep on t h e  modified arrow 
wing alters the  conica l  na ture  e s t ab l i shed  a t  t h e  apex and spreads these  modified 
e f f e c t s  over a propor t iona te ly  l a r g e r  outboard wing area. 

could be caused by va r i a t ions  i n  d is tance  between shock and wing leading 

None of t h i s  would inf luence 

(ACm/ACL)o i s  seen t o  be v i r t u a l l y  constant  across the  

This s e n s i t i v i t y  is  

Similar thickness  e f f e c t s  are evident  i n  t h e  comparisons of CD,min i n  f i g -  
u re  6. Data for t h e  b lunt  and medium-blunt arrow wings i n  f i g u r e  6 ( a )  are coincident  
a t  Mach 1.6 and 1.8. Beyond Mach 1.8, t h e  da ta  f o r  t h e  medium-blunt wing change i n  
t r e n d  from t h e  da ta  f o r  t h e  b lunt  wing and cont inue t o  decrease a t  Mach 2.0 and 2.16 
i n  a manner p a r a l l e l i n g  t h e  data f o r  t h e  sharp wing. Figure 6 (b )  shows near ly  t h e  
s a m e  data f o r  t h e  sharp  and t h e  medium-blunt modified arrow wing, which are not ice-  
ably separated from and less than t h e  da ta  f o r  t h e  b l u n t  wing a t  a l l  tes t  Mach num- 
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bers. The sensitivity of the arrow wing to leading-edge bluntness, which was noted 
in figure 5(b) for (ACm/ACL)o is also seen in figure 6(c). Compared with the data 
for the sharp and the blunt leading edges, the 
leading edge are unusually close at Mach 1.6 and 1.8. This closeness is caused by 
the more rapid increase in CD,min for the arrow wing when (r/c)le increases from 
0.0005 to 0.00235 as compared with an almost static response from the modified arrow 
wing over the same range of Mach number and bluntness conditions. 

CD,min data for the medium-blunt 

The results in figures 3 to 6 suggest that leading-edge bluntness has some 
effect on lift as well as drag characteristics. This effect is probably because of 
the range of used on the models - from sharp (approximately 0.0005) to 
0.00470. These radius-chord values are measured in the free-stream direction. when 
measured normal to the wing leading edge, these values are about twice as large. 

(r/c),e 

At the beginning of the section it was mentioned that the normal- 
force and the moment flow-angularity corrections did not simultaneously remove flow- 
angularity effects from the axial-force data. Theoretically, uncambered wings in 
uniform flow should generate axial-force data which are symmetrical about zero angle 
of attack. Figure 7 shows samples of experimental ACA (AC, = C, - CA,max) plotted 
against a for the sharp and blunt arrow wings. For sharp leading edges (figs. 7(a) 
and (b)) distributions are much more symmetrical at small angles of attack than 
the AC, distributions for blunt leading edges (figs. 7(c) and (d)) but still showed 
asymmetry at the angles of attack greater than f5.00. Mach number was also a factor. 
The offset in angle of attack for 
Differences in all ACA data at angles of attack of +15.0° and -15.00 ranged from 
0.0014 to 0.0044,  but most of the AC, differences were closer to about 0.01525 than 
to either of the extreme values. Errors in cD caused by these variations were no 
worse than about 2.5 percent. 

Ac, 

ACA symmetry increased with test Mach number. 

An examination of the models revealed no significant surface departures from 
design symmetry, and the plots of Cm (fig. 4), did not suggest the presence of 
camber or twist; therefore, the asymmktry of the axial-force data was hypothesized as 
due to throat asymmetry in the Unitary Plan Wind Tunnel design. This idea was veri- 
fied by reference 7 and by an analysis which showed that the tunnel upwash fields 
could produce the data asymmetry. Since the amount of work required to obtain upwash 
field corrections for each model at each angle of attack, Mach number, and Reynolds 
number was found to be excessive, the origin for ACA plotted against a was 
shifted to a "symmetry" point a Consequently, both model-upright and model- 
inverted axial-force coefficients were used to generate a band rather than a line 
of experimental data. In this modified format, AC, plotted against Aa 
(Aa  = a - ), data could be compared with theoretical predictions with the 
expectatio2y hat meaningful conclusions could be made. 

sym' 

Comparisons of theory and experiment presented in the section "Analysis and 
Discussion" are interpreted in the light of current supersonic wing theory. In these 
comparisons, the effects of wind-tunnel upwash are obvious. Nevertheless, the trend 
and magnitude of these upwash effects can be seen as small compared with the axial 
forces generated by the wings. 

ANALYSIS AND DISCUSSION 

I 

Supersonic wing performance is conventionally analyzed by computing lift and 
drag-due-to-lift contributions on a zero-thickness wing, and adding zero-lift wave 
drag plus skin-friction drag components. By adding suitable modifications to 
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l i nea r i zed  theory along t h e  avenues of t h e  ana lys i s  ou t l i ned  i n  reference 5, t h e  
aerodynamic performance est imates  of wings can include nonl inear  thickness  e f f e c t s .  
Some i n s i g h t  can be obtained about t he  magnitude and behavior of these  nonl inear  
forces  from comparison of measured and predic ted  ACA a t  Aa = 5.0° over the  tes t  
Mach number range. Negative ACA is  shown t o  be caused by more than j u s t  leading- 
edge th rus t .  Comparisons of measured and p red ic t ed  ACA are examined t o  determine 
both the  l e v e l s  of a x i a l  force  obtained and t h e  c a p a b i l i t i e s  of l i n e a r  and nonl inear  
methods to estimate the  magnitude and behavior of the  var ious contr ibut ions.  After  
t h e  pred ic ted  and measured ACA of each wing are compared, plots of ACA a t  
Aa = 5.0° as a funct ion of leading-edge bluntness  parameter ( r / c ) l e  and @ c o t  Ale  
are presented so t h a t  poss ib l e  o p t i m u m  values  of b lunt ing  can be sought. The hypoth- 
esis concerning t h e  advantages of a thrus t - l imi ted  leading  edge over a s t r a i g h t  lead- 
ing-edge planform i s  examined i n  another set  of plots of 
a t  the  design Mach number of 1.6. In  the  f i n a l  set of f igu res ,  measured and pre- 
d i c t ed  l i f t - d r a g  ra t ios  and l i f t - d r a g  po la r s  a r e  compared. 

AC, as a funct ion of Aa 

Nonlinear E f fec t s  

Wind-tunnel and t h e o r e t i c a l  values of AC, a t  Aa = 5 .00  are compared i n  f ig-  
u r e  8. The theory is only f o r  leading-edge t h r u s t  which becomes zero a t  Mach 2.0 - 
t he  l inear- theory sonic  leading-edge condition. A t  Mach 1.6, t he re  is t rend  agree- 
ment between ava i l ab le  t h r u s t  and measured However, agreement i n  magnitude 
va r i e s  from poor t o  reasonably good. A t  and beyond Mach 2.0, t rend  and magnitude 
agreement disappears,  f o r  although t h e o r e t i c a l  AC, due t o  leading-edge t h r u s t  
becomes zero,  experimental AC, is  s t i l l  f i n i t e .  These nonl inear  e f f e c t s  can be 
explained i n  a general  way by an ana lys i s  based on f i g u r e  9. 

ACA. 

On t he  left-hand s ide  of f igu re  9, l i n e a r  theory assumes a Mach cone a t  t h e  wing 
apex. In t h e  s tandard method f o r  ca l cu la t ing  l i f t  and drag due t o  l i f t ,  t h e  wing has 
a f l a t  camber sur face ,  and a i r f o i l  thickness  con t r ibu te s  only wave drag. Hence, t h e  
flow is  p ic tured  as a t tached  t o  the  leading edge a l l  along t h e  span but  with an 
upwash component t h a t  is  mathematically s ingular .  The p l o t s  of C aga ins t  x 
and C aga ins t  z show the  inf luence of t h i s  s i n g u l a r i t y .  P 

P 

On t h e  right-hand s i d e  of f i g u r e  9, a more real is t ic  nonl inear  theory p laces  a 
shock surface a t  the  wing apex so t h a t  a t  s t a t i o n s  along the  semispan leading edge, a 
Mach number less than free-stream value is  f e l t .  The flow s tagnat ion  po in t  is now a t  
a s m a l l  d i s tance  behind and under the  leading edge. Pa r t  of t he  flow continues along 
t h e  chord while t he  o ther  p a r t  goes around t h e  leading edge t o  produce a l o c a l l y  
negat ive 
surface.  N o  leading-edge s i n g u l a r i t y  is present ;  t he re fo re ,  t hese  l o c a l  normal and 
a x i a l  forces  w i l l  be less than l i n e a r  theory values. Local pressures  a r e  also con- 
s t r a i n e d  by real-flow vacuum l imi t a t ions .  Therefore, t he  normal and a x i a l  fo rces  
predicted by a nonlinear theory w i l l  be less than those from l i n e a r  theory. 

ACA due t o  leading-edge t h r u s t  as long a s  it s t a y s  at tached t o  t h e  wing 

Since t h e  ana lys i s  method of reference 5 is  a modified l i n e a r  theory,  a separa te  
ca lcu la t ion  of leading-edge t h r u s t  is  required j u s t  a s  with regular  l i n e a r  theory.  

P 
However, t h e  cor rec t ions  mentioned previously,  t h e  vacuum l i m i t  on negative C 
values  and the  estimates of nonlinear thickness  e f f e c t s ,  ava i l ab le  leading-edge 
t h r u s t ,  and vortex flow e f f e c t s  a r e  included. The superpos i t ion  of these  nonl inear  
thickness  e f f e c t s  on t h e  ava i l ab le  t h r u s t  ( f i g .  8 )  i s  seen i n  figure 10. Since t h e  
curve f o r  100-percent leading-edge t h r u s t  is only f o r  reference,  nonl inear  e f f e c t s  
a r e  not  added t o  it. 
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Agreement between measured and predic ted  ACA values  and t rends is  reasonably 
good fo r  t he  medium-blunt wing across  t h e  tes t  Mach number range, and good f o r  t h e  
very b lun t  wing f o r  Mach numbers g rea t e r  than about 1.9. Although the  magnitude is 
s t i l l  underpredicted f o r  t he  sharp-leading-edge wing, t he  t rends  a r e  i n  good agree- 
ment. Thusl a s i g n i f i c a n t  cont r ibu t ion  t o  negative AC, can c o m e  from nonlinear 
thickness  inf luences.  Typical behavior with angle of a t t a c k  is  shown i n  f igu re  11 
f o r  t h e  wing models a t  a Mach number of 1.6 with t h e  nonl inear  values of 
thickness  pred ic ted  by t h e  method of reference 5. It has been assumed t h a t  t he  flow 
remains a t tached  a t  a l l  angles  of a t tack .  

ACA due t o  

Linear theory would give ACA = 0 a t  a l l  angles of a t t a c k  when the  wing has a 
f l a t  camber sur face  and i s  producing no leading-edge t h r u s t .  Any AcA which exceeds 
t h e  nonl inear  thickness  values  could be considered as leading-edge t h r u s t  u n t i l  t he  
angles of a t t ack  where flow separa t ion  e f f e c t s  become not iceable .  In the  next sec- 
t i o n ,  it is  shown t h a t  t h i s  oversimplif ied and overopt imist ic  view i s  not always 
cor rec t .  

Leading-Edge Thrust 

Comparison of theory and experiment are shown i n  f i g u r e s  12 t o  17 with AC, and 
A a  a s  t h e  va r i ab le s  a t  each of the  t e s t  Mach numbers. Since the  theory curves f o r  
f l a t  wings a r e  symmetrical about a = 0, the  previously mentioned Aa s h i f t  was used 
so t h a t  r e s u l t s  a t  two Mach numbers could be put  on each p l o t .  The upper and lower 
bounds of t h e  experimental da ta  band a r e  determined by model-upright and model- 
inver ted  data. 

Arrow wings.- The f i r s t  set of comparisons, f i g u r e s  12 t o  14, show theory and 
experiment f o r  the  reference arrow wings. Available leading-edge t h r u s t  theory pre- 
d i c t s  t h a t  l i t t l e  or no t h r u s t  is  generated by sharp-leading-edge wings; a preplanned 
reference condi t ion aga ins t  which t h e  blunt-wing data  w e r e  t o  be compared. Figure 12 
revea ls  t h a t  t h e  a b i l i t y  of t h e  sharp-leading-edge wing t o  generate negative 
is  underestimated by the  nonl inear  t h r u s t  theory. The experimental ACA i s  
considerably l a r g e r  than t h a t  pred ic ted  a t  subsonic leading-edge test Mach numbers 
( f ig .  1 2 ( a ) ) .  Obviously, a t r u e  zero-radius leading edge cannot be put  on a r e a l  
wing; thusI  
approximate bluntness  value. Additional departures  from expectat ions were noted a t  
Mach 2.0 and 2.16 ( f i g .  1 2 ( b ) )  where l i n e a r  theory p r e d i c t s  a sonic  and a supersonic 
lead ing  edge, respec t ive ly ,  and no leading-edge t h r u s t .  Perhaps the  nonlinear thick-  
ness e f f e c t s  are being underestimated, o r  real flow e f f e c t s  due t o  the  apex-attached 
shock wave are permi t t ing  s u b s t a n t i a l  leading-edge t h r u s t  generation a t  these  test  
Mach numbers. 

ACA 

( r /cI le  = 0.0005 which w a s  used t o  obta in  the  theory curves w a s  an 

Although t h e  ava i l ab le  leading-edge t h r u s t  f o r  t h e  sharp-leading-edge wing w a s  
underpredicted, t he  t rends  i n  t h e  experimental and t h e o r e t i c a l  curves are i n  c lose  
agreement. It may be t h a t  foca l  Reynolds number e f f e c t s  are producing an a r t i f i c i a l  
leading-edge-radius phenomenon a t  the  nose of a sharp a i r f o i l .  Since the  da ta  base 
w a s  b u i l t  mainly on r e s u l t s  from a i r f o i l s  i n  t h e  medium-blunt category, t he  experi-  
mental and t h e o r e t i c a l  
ment. 

ACA curves from these  arrow wings should be i n  c lose  agree- 

This supposi t ion is  v e r i f i e d  i n  f i g u r e  13(a)  where t h e  agreement is seen t o  be 
very good. However, t h e  sonic  and supersonic leading-edge t h e o r e t i c a l  decrements 
seen i n  t h e  sharp-leading-edge wing comparison ( f i g .  1 2 ( b ) )  appear again i n  f ig-  
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u r e  13(b) .  The d i f fe rence  between experiment and theory i n  t h i s  moderately blunt-  
leading-edge da ta  is smaller than i n  t h e  sha rp -a i r fo i l  data .  

Comparisons of theory and experiment f o r  t h e  blunt-leading-edge wing ( f i g .  14) 
show t h a t  t h e  theory is overpredic t ing  leading-edge t h r u s t  and nonl inear  th ickness  
b e n e f i t s  a t  Mach 1.6 and 1.8 but  i s  i n  closer agreement with experiment a t  Mach 2.0 
and 2.16. Figure 14 seems t o  c l e a r l y  demonstrate t h a t  from a viewpoint of leading- 
edge t h r u s t ,  b lun t ing  can e a s i l y  be overdone. However, it is also poss ib l e  t h a t  both 
leading-edge t h r u s t  and nonl inear  thickness  e f f e c t s  are overpredicted.  

With these  comparisons ( f i g s .  12 t o  14) ,  t h e  r e l a t i v e  m e r i t s  of increas ing  
leading-edge bluntness  can be seen and understood. The sharp- and medium-blunt- 
leading-edge wings are providing exp lo i t ab le  amounts of leading-edge t h r u s t  while 
su f fe r ing  r e l a t i v e l y  s m a l l  nonl inear  dis turbance pena l t i e s .  On t h e  b lun t  wings, 
however, negat ive 
and t h e  pred ic ted  t h r u s t  l e v e l s  may not  be experimentally r ea l i zed .  

ACA appears t o  be caused mostly by nonl inear  thickness  e f f e c t s  

Modified arrow wings-.- The second set of comparisons ( f i g s .  15 t o  17) shows 
theory and experiment f o r  t h e  modified arrow wings. Very s i m i l a r  t o  t h e  observa- 
t i o n s  made from t h e  arrow-wing p l o t s ,  t h e  leading-edge t h r u s t  is  underpredicted on 
t h e  sharp wing ( f i g .  15) ,  f a i r l y  w e l l  p red ic ted  on t h e  medium-blunt wing, ( f i g .  16) ,  
and overpredicted on t h e  b lun t  wing ( f i g .  17). It i s  again seen t h a t  nonl inear  
thickness  e f f e c t s  grow i n  importance with increases  i n  a i r f o i l  bluntness ,  and t h a t  
negative 
condi t ions;  t hese  cont r ibu t ions  (both t h r u s t  and nonl inear  thickness  e f f e c t s )  d i s -  
appear with increas ing  bluntness.  

EA is  apparent ly  being generated a t  sonic  and supersonic leading-edge 

However, another  aspect of leading-edge t h r u s t ,  probably nonl inear  i n  o r i g i n ,  
appeared i n  the  comparisons of experimental and t h e o r e t i c a l  da ta  f o r  t he  modified 
a r r o w  wing. A t  low angles  of a t t ack ,  t h e  sharp and, t o  a lesser ex ten t ,  t h e  medium- 
b lunt  wings are generat ing more than 100-percent t h e o r e t i c a l  leading-edge t h r u s t .  
Even with t h e  nonl inear ,  thickness-induced co r rec t ion  added t o  t h e  100-percent r e fe r -  
ence curve, t h e  wing appears t o  be outperforming theory by a s m a l l  increment. This 
phenomenon is  seen c l e a r l y  a t  Mach 1.8 i n  f i g u r e  1 5 ( a ) ,  i s  almost l o s t  a t  Mach 1.8 i n  
f i g u r e  16 (a ) ,  and is  gone a t  Mach 1.8 i n  f igu re  17(a) .  

A t  Mach 1.8, l i n e a r  theory p r e d i c t s  t h a t  t h e  inboard panels  have subsonic lead- 
i ng  edges, t h e  outboard sec t ion  has a supersonic lead ing  edge, and the  sec t ion  a t  
about 0.72 semispan has  a sonic  leading edge where leading-edge t h r u s t  goes t o  zero 
and remains a t  zero out  t o  t h e  wing t ip .  I f  l o c a l  nonl inear  e f f e c t s  are changing t h e  
Mach number normal t o  t h e  leading edge enough t o  permit e f f e c t i v e  subsonic condi t ions 
to  extend beyond t h e  sonic  condi t ion s t a t i o n ,  then t h r u s t  w i l l  continue t o  be gener- 
a t e d  a t  s t a t i o n s  which have a s l i g h t l y  supersonic lead ing  edge. Since t h e  leading- 
edge sweep is  decreasing so gradual ly  on these  modified arrow wings, t h i s  hypothesis  
seems t o  be c o r r e c t  and suggests an area f o r  f u r t h e r  study. 

A i r fo i l  bluntness.- Thus f a r ,  it has been seen t h a t  nega t ive  ACA - a v a i l a b l e  
leading-edge t h r u s t  p lus  nonlinear thickness  e f f e c t s  - has been generated on wings 
with l inear-theory-defined subsonic and supersonic lead ing  edges. A t  t h e  h e a r t  of 
both of t hese  cont r ibu t ions  is  beading-edge bluntness.  A comparison of ACA a t  
Aa = 5.0° f o r  t h e  d i f f e r e n t  values of 
u r e  18. These AC, va lues  w e r e  t h e  conservat ive da t a  from f i g u r e s  12 t o  17, and 
A a  = 5.0° w a s  s e l ec t ed  because it w a s  close t o  t h e  
wing models. In  f i g u r e  19, AC, a t  Aa = 2.00 is a l s o  shown t o  examine condi- 
t i o n s  where available and f u l l  leading-edge t h r u s t  are, i n  theory,  near ly  equal. A n  

( r /c) ,?  and wing planforms is shown i n  f i g -  

(L/DImax po in t  on m o s t  of t h e  
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average ( r /c) le  of 0.0005 w a s  used f o r  t h e  sharp a i r f o i l  wings. Since t h i s  is an 
approximate value, a dashed l i n e  was sketched i n  f i g u r e  18 between t h e  nonlinear 
ACA value a t  (r /c) ,e = 0.0 and t h e  t o t a l  ACA value a t  ( r / c )  ,e = 0.00235- 

On the  t h r e e  p l o t s  ( f i g s .  18(a)  t o  ( c ) ) ,  a m a x i m u m  negat ive ACA w a s  found i n  a 
range 0.0005 There are indica t ions  t h a t  t h i s  value is  both Mach 
number and Reynolds number dependent. However, t he  high Reynolds number da ta  a r e  too 
sparse, the  spread i n  wing too  coarse,  and t h e  inf luence of test  sec t ion  
upwash too  apparent t o  permit d e f i n i t e  conclusions t o  be made. There seems t o  be 
j u s t  enough da ta  t o  suggest f u r t h e r  s tud ie s  i n  t h i s  area.  In  f igu re  19, ACA from 
experiment and nonl inear  theory f o r  t h e  arrow wings is  compared over t h e  bluntness  
range a t  Mach 1.6 and a t  Aa = 2. Oo and 5. O o .  A t  Aa = 2. Oo, the  theory curve 
increases  much slower than a t  5.0°, and f a i r l y  good agreement between predic ted  and 
measured ACA is seen over a bluntness  range of 0.0 < ( r / c ) , e  < 0.0030. However, 
a t  Aa = 5.0°, good agreement is  seen over a more r e s t r i c t e d  range of about 
0.0010 < ( r / c ) l e  < 0.0025. A t  ( r / c ) l e  = 0.00470, theory and experiment curves a r e  
diverging with the  spread being m o r e  exaggerated a t  Aa = 5.0°. These comparisons 
suggest t h a t  t h r u s t  i s  being l o s t  less rap id ly  f o r  sharp leading edges and t h e  non- 
l i n e a r  thickness  e f f e c t s  a r e  overestimated f o r  subsonic leading edges and very b lunt  
a i r f o i l s .  

< ( r / c I l e  < 0.0010. 

( r / c ) l e  

Another aspec t  of bluntness  is  i t s  e f f e c t  on AC, a t  various values of 
c o t  Ale. Data f o r  t he  arrow wing a r e  p l o t t e d  i n  f i gu re  20 and show t h a t  t he  gap i n  

ACA narrows f o r  t he  sharp and medium-blunt wings a s  f3 c o t  A,e decreases.  A t  
t h e  s a m e  time, t h e  magnitude of AC, is  increasing with decreasing f3 c o t  Ale  f o r  
a l l  t he  bluntness r a t i o s  t e s t e d  but  most rap id ly  f o r  t h e  medium-blunt a i r f o i l .  Since 
a decrease i n  provides a lower Mach number normal t o  the  leading edge and 
a higher p o t e n t i a l  f o r  t h r u s t  generation, t h e  p l o t  suggests,  again,  t h a t  a i r f o i l  
bluntness can e a s i l y  be overapplied. 

f3 c o t  A,, 

Reynolds number.- It was mentioned e a r l i e r  t h a t  t h e  Reynolds number data  were 
too sparse  t o  permit any f i rm conclusions t o  be made. Figure 21 shows t h i s  c l e a r l y  
bu t  a l s o  suggests t h a t  f u r t h e r  gains i n  performance w i l l  be made f o r  t he  less b lunt  
r a the r  than the  more b lunt  a i r f o i l s .  

Planform e f fec t s . -  The purpose of the  modified leading-edge wing models was t o  
determine i f  leading-edge t h r u s t  bene f i t s  and at tached flow could be maintained a t  
t h e  higher angles  of a t tack .  Comparisons of experimental ACA p l o t t e d  aga ins t  ha 
a t  Mach 1.6 f o r  t he  two planforms a r e  presented i n  f i g u r e  22. In each case,  t h e  
sharp,  medium-blunt, o r  b lunt  arrow wing is compared with i t s  modified arrow wing 
counterpart .  Mach 1.6 da ta  only are shown because t h i s  w a s  t h e  design condi t ion f o r  
t h e  leading-edge modification. A A a  s c a l e  w a s  used and peak AC, po in t s  were 
over la id  on each p l o t  so as t o  minimize wind-tunnel upwash e f f e c t s  a s  cons i s t en t ly  
and as e f f e c t i v e l y  as possible .  Since ove ra l l  performance was the  prime considera- 
t i o n ,  no attempt t o  isolate  ava i l ab le  leading-edge t h r u s t  o r  nonlinear thickness  
e f f e c t s  w a s  made. 

In  a l l  t h r e e  comparisons, da ta  a t  low Aa overlapped. This overlapping was 
unexpected f o r  two reasons: ( 1 )  t h e  arrow wing should produce 33 percent  more 
t h e o r e t i c a l  leading-edge t h r u s t  than t h e  modified arrow wing and ( 2 )  t h e  nonlinear 
thickness  e f f e c t s  w e r e  s l i g h t l y  less f o r  t he  modified arrow wing than f o r  t he  arrow 
wing. I f  production of ava i l ab le  t h r u s t  were t o  exp la in  t h i s  phenomenon, then it 
would follow t h a t  t h e  arrow wing is  los ing  t h r u s t  a t  a propor t iona l ly  f a s t e r  rate 
than t h e  modified arrow wing. More l i k e l y ,  however, nonl inear  thickness  e f f e c t s  are 
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increas ing  f a s t e r  on t h e  arrow wing than on the  modified a r r o w  wing (see f ig .  11) and 
the  net  r e s u l t  is  t h e  approximately equal negat ive AC, levels measured. 

A t  t he  higher  angles,  t h e  comparisons show t h a t  vortex generation and/or flow 
separat ion e f f e c t s  appear sooner on the  arrow than on t h e  modified arrow wings. The 
t rends  are not iceable  although not  always l a rge  and dramatic. 

To the  conclusions already noted, these  also can be added a t  t h i s  po in t  i n  t h e  
ana lys i s .  Very l i t t l e  a i r f o i l  b lunt ing  is needed t o  generate  measurable amounts of 
negat ive ACA (leading-edge t h r u s t  and nonl inear  th ickness  e f f e c t s ) .  I f  bluntness  
i s  des i r ab le  f o r  o ther  design condi t ions than supersonic  c r u i s e  and/or maneuver, 
leading-edge s w e e p  should be l o c a l l y  increased, i f  poss ib le ,  so as t o  keep a high 
percentage of f u l l  t h e o r e t i c a l  t h r u s t .  A gradual decrease i n  t h e  outboard wing 
sweep, on the  o the r  hand, can he lp  keep the  flow a t tached  and delay flow separa t ion .  

Lift-Drag Performance 

Thus f a r ,  ava i l ab le  leading-edge t h r u s t  and nonl inear  thickness  e f f e c t s  have 
been i d e n t i f i e d  as t h e  components of a negative ACA increment. Since the  ne t  
e f f e c t  w a s  found t o  be s i g n i f i c a n t ,  these  inf luences on the  drag and the  l i f t -d rag  
r a t i o  should r e a d i l y  be seen. 

Figure 23 shows measured and predic ted  l i f t - d r a g  po la r s  and l i f t - d r a g  r a t i o s  f o r  
the  s i x  wing models a t  the  design Mach number of 1.6 and a Reynolds number pe r  foo t  
of 2.0 x 106. The theory curves were obtained from the  method of reference 5. On 
each plot,  drag increments w e r e  added t o  make a l l  theory curves agree with experiment 
a t  zero l i f t .  

In these  comparisons, t h e  experimental da ta  w e r e  seen t o  be sandwiched between 
the  l inear- theory 0- and 100-percent curves except a t  ( a  > 10.0") where 
increas ing  flow separa t ion  se r ious ly  v i o l a t e s  t he  a n a l y t i c a l  model. Between these  
t h e o r e t i c a l  boundaries, the  nonl inear  ava i l ab le  t h r u s t  curves agree w e l l  with 
experiment f o r  t he  medium-blunt wings ( f i g s .  23(b) and ( e ) ) .  This ageement w a s  t o  be 
expected inasmuch a s  t h e  ava i l ab le  t h r u s t  data  base was derived from s imi l a r  blunt- 
ness wings and is  a log ica l  consequence of t he  good agreement between theory and 
experiment seen i n  f igu res  13(a)  and 16(a). 

CL > 0.5 

In f igu res  23(a) and ( a ) ,  t h e  leading-edge t h r u s t  w a s  conservat ively underpre- 
dicted;  thus t h e  drag is  overestimated and the  l i f t - d r a g  r a t i o  is  underestimated. 
Granted t h a t  t h e  agreement between theory and experiment is not as good as f o r  t he  
medium-blunt wings, it must be r ea l i zed  t h a t  these  sharp-wing theory predic t ions  
would contain no unpleasant su rp r i se s  when t h e  model was t e s t e d  o r  t he  configurat ion 
was flown. 

Figures 23(c)  and ( f )  show the  e f f e c t s  of overestimated leading-edge t h r u s t  and 
r ead i ly  demonstrate t he  diminished r e tu rns  from overdoing a i r f o i l  bluntness.  How- 
ever,  a c lose r  examination revea ls  t h a t  even the  l i n e a r ,  0-percent t h r u s t  curves 
agree f a i r l y  w e l l  with experiment up t o  about CL = 0.4 ( a  = 8.00). 

The increment between experimental and zero- thrust ,  nonl inear  theory (L/D)max 
shows t h e  bene f i t s  accruing from small-to-moderate leading-edge blunting. These 
increments a r e  as much as 
l i t t l e  o r  no drag pena l t i e s .  Since some a i r f o i l  bluntness  is  des i rab le  f o r  various 

A ( L / D ) ~ ~ ~  IJ 0.48 on these  models and are obtained with 
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aspec ts  of subsonic f l i g h t ,  it would s e e m  l o g i c a l  t o  t a i l o r  t h i s  bluntness so a s  t o  
be usefu l  i n  t h e  supersonic regime a l so .  

CONCLUDING REMARKS 

A wind-tunnel study has been performed t o  measure and i d e n t i f y  the  leading-edge 
t h r u s t  being generated on s i x  wing models i n  supersonic flow and determine i t s  
e f f e c t s  on o v e r a l l  performance. T e s t  data  w e r e  measured a t  Mach numbers of 1.6, 1.8, 
2.0, and 2.16 and a t  Reynolds numbers per  foo t  of 2.0 x lo6 and 5.0 x 10 . 
metr ic  upwash f i e l d  e f f e c t s  were found i n  the  ax ia l - force  da ta  and, s ince  they 
could not be r e a d i l y  removed a t  each angle of a t t ack  and Mach number condition, w e r e  
compensated f o r  by use of an angle-of-attack s h i f t  suggested by symmetry a t  low angle 
of a t tack .  

6 Asym- 

Both leading-edge t h r u s t  and nonlinear thickness  e f f e c t s  were hypothesized as 
present  i n  the  measured ax ia l - force  data.  Comparisons of theory and experiment 
ind ica ted  t h a t  negative AC, ( t o t a l  axial-force c o e f f i c i e n t  minus maximum axia l -  
force c o e f f i c i e n t )  was being produced on a l l  t he  wings a t  a l l  t he  Mach numbers where 
subsonic and sonic  leading-edge condi t ions ex i s t .  

Unexpectedly l a rge  amounts of negat ive ACA w e r e  found i n  t h e  sharp-wing da ta  
a t  both subsonic and supersonic leading-edge condi t ions.  Analysis ind ica ted  t h a t  a 
leading-edge bluntness  r a t i o  from 0 .0005  t o  0.001 would s u f f i c e  t o  produce b e n e f i t s  
with minimum drag penal ty .  

The medium-blunt wing models produced axial-force da ta  t h a t  were c lose ly  matched 
by predic t ions  from nonl inear  theory methods. However, t h e  theory underpredicted the  
negative AC, from sharp wings and overpredicted t h e  negative ACA from blunt  
wings. Lif t -drag r a t i o s  pred ic ted  from both zero- thrust  l i n e a r  and nonlinear theory 
agreed f a i r l y  wel l  with t h e  measured blunt-wing values i n  t h e  design Mach 1.6 
comparisons. 

Another i n t e r e s t i n g  departure  from theory was noted a t  Mach 1.8 f o r  t he  sharp 
and medium-blunt a i r f o i l ,  modified arrow wings. More negat ive AC, was measured 
than f u l l - t h r u s t  theory predic ted  which suggested t h a t  a t  t h i s  mixed subsonic- 
supersonic leading-edge s i t u a t i o n ,  r e a l  flow e f f e c t s  were permi t t ing  addi t iona l  
negative ACA t o  be produced. 

Comparisons of experimental and t h e o r e t i c a l  values of maximum l i f t - d r a g  r a t i o  
showed t h a t  ava i l ab le  leading-edge t h r u s t  and nonl inear  thickness  e f f e c t  bene f i t s  
obtained from s m a l l  t o  moderate leading-edge b lunt ing  could improve peak l i f t - d r a g  
r a t i o  with l i t t l e  o r  no drag penal ty .  

T e s t  da ta  seemed t o  i n d i c a t e  t h a t  t h e  arrow wing planform is more s e n s i t i v e  t o  
leading-edge bluntness  than the  modified arrow planform. The s e n s i t i v i t y  w a s  
e spec ia l ly  evident  i n  t h e  da ta  f o r  t h e  z e r o - l i f t  s t a b i l i t y  parameter and the  minimum 
drag coe f f i c i en t .  

Further  areas of study w e r e  suggested by t h e  r e s u l t s  of t h i s  inves t iga t ion .  The 
f i r s t  is  a study of leading-edge t h r u s t  on wings with low bluntness  a i r f o i l s .  A 
second i s  a study of b e n e f i t s  accrued by varying t h e  semispan loca t ion  a t  which a 
decrease i n  wing s w e e p  is i n i t i a t e d .  A t h i r d  could be an inves t iga t ion  of t h r u s t  
generation on wings with s l i g h t l y  supersonic or subsonic lead ing  edges. A four th  
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could be a study of leading-edge t h r u s t  a t  Mach numbers above 2.2. A f i f t h ,  and 
perhaps the  m o s t  important,  could be a study of Reynolds number e f f e c t s  both g loba l  
over  t h e  wing and l o c a l  a t  t h e  lead ing  edge. 

Langley Research Center  
National Aeronautics and Space Administration 
Hampton, VA 23665 
May 13, 1983 
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TABLE 1.- MODEL DIMENSIONS 

(a) Wing planform parameters 

b, i n .  .................. 
S, in2 .................. 

in .  ............... Xmax? 
xb, i n .  ................. 
xt, i n .  ................. 
xr, i n .  ................. 
A ....................... 
A,e! deg ................ 
c, in .  ................. 
r , i n . ,  €or - 

< x < 14.00 i n .  ..... 

t/c ..................... 
- 

14.00 < x < xb ........ 

Arrow wing 

32.648 
300.0 

28.274 
21.377 
28.274 
18.378 
0.04 
3.55 

60 
12.252 

~(28.0 - X) 
224.00 

0 875 

Modified arrow wing 

32.648 
300 0 

28.274 
21.377 
26.351 
17.638 
0.04 
3.55 

Variable (60 to 54) 
11.528 

(b) A i r f o i l  parameters 

[z/c = k1c1/2 + k 5 + k3c3l2 + k4E2] 
2 

k l  

0.0 
06854 
09693 

k2 

0.12990 
-- 14299 
-e25603 

~(28.0 - X) 
224.00 

k3 I k4 I 
-0.12229 -0.00762 

-23438 I -.15994 I 
382 12 -e22303 

0.875 
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TABLE 11.- WIND-TUNNEL TEST SCHEDULE 

Model 
- ~ 

Arrow wing: 
Sharp leading edge 

Medium-blunt leading edge 

Blunt  leading edge 

M 

1.6 and 1.8 
2.0 and 2.16 
1.6 and 1.8 
2.0 and 2.16 
1.6 and 1.8 
2.0 and 2.16 

Modified arrow wing: 
Sharp leading edge \ 1.6, 1.8, 2 .0 ,  and 2.16 
Medium-blunt leading edge 1 1.6, 1.8, 2 .0 ,  and 2.16 
Blunt leading edge 1 1.6, 1.8, 2.0, and 2.16 

6 
R = 2.00 X 1 0  

6 
R = 5.00 X 10 



-5.07 
-3.44 
-2 9 0  
-1.08 

-.P2 
e17  

1 . 1 7  
2.18 
3.15 
4 . 1 4  
5.93 
6 .16  
7 .22  
8.10 
9 0  1 6  

10 . I  9 
1 1 , 2 1  
1 2 . 1 8  
1 3 . 1 7  
14 .23  
15.22 

- 1 9  

TABLE 111.- FORCE COEFFICIENTS FOR ARROW WING W I T H  SHARP LEADING EDGE 

(a) R = 2 . 0  x lo6; M = 1.6 and 1.8 

M = 1.6 

MODEL 
CN cA 

-.2t3@1R . 0 0 9 9 3  
- .19068 - 0 1 0 2 4  
-.14h07 - 0 1 1 1 5  
- .09592 . 0 1 1 9 1  
- .04542 - 0 1 2 5 9  

.0,50E3 . 0 1 2 4 1  
- 1 0 2 0 4  .01140  
, 1 4 8 2 5  , 0 1 0 4 2  
~ 1 9 7 R 9  .00028  
- 2 5 2 0 4  e 0 0 8 0 7  
- 2 9 5 5 3  . 0 0 7 1 3  
- 3 4 3 9 7  .PO634 
.38526  .Of3575 

42472  e 0 0  549 
, 4 6 5 4 4  . 0 @ 5 2 2  
, 5 0 7 7 6  .00403  
- 5 4 6 9 2  a00440  

- 6 2 9 4 1  $ 0 0 3 5 9  
, 6 6 5 9 3  $ 0 0 3 1 4  
. 0 0 1 9 5  mol274 

.00135  e01273  

. 5 ~ 5 9 ~  ,00408  

M = 1.8 

MODEL INVERTED 
a,deg cN CA 

5 . 9 8  .25184  ,00763 
- 5.00 - .21211_ , 0 0 8 4 1  

4.00 - .16R49_ a 0 0 9 2 8  
- _  3 . 0 0 .  - 1 2 3 7 7  - 0 1 0 1 4  

1 .98  .Of3002 - 0 1 1 1 2  

-.02 - .00472 - 0 1 2 1 9  
_ -  e 9 7  . 0 3 5 4 3 _ - . 0 1 1 8 7  

- a99  - . 0 4 9 0 5 _  a 0 1 2 0 8  
-1.98 -.09219- - 0 1 1 5 6  
-3.01 - e13833  .01090 

CL CD Cm 
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TABLE 111.- Con t inued  

(b) R = 2.0 X IO6; M = 2.0 and 2.16 

M = 2.0 

MODEL UPRIGHT MODEL INVERTED 

_-7.90 - .30858 .- 

.-R.89 - . 34335  
.. -9.88 . - .37605-_ -- 1.0 9 5 ..-. 4 0 8 0 6 .. 
-11.83 -.43974 
-12.87 .-.47309 
-13.89 - e50564  
- 1 4 . 8 6 . 7 . 5 3 4 4 1 -  
-15.89..--.56521 _ _  

-17.85 - .62028 
-. -16!RR- 59354- - -  

. -00 91 1 
.00884  

, 0 0 8 4 3  
. 0 0 8 2 7  
, 0 0 8 1 3  

. 0 0 7 9 7  

.00794  

.00810 

.oo 817 

, 0 0 8 5 9  

eOORO6 

__ -18.R9 - a65318  .OOR2O - e 6 1 5 4  - 2 1 9 2  2 7 9  
-19.86 - .68283 , 0 0 8 1 7  - - h 3 9 4  - 2 3 9 7  e1535  

M = 2.16 
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TABLE I11 .- Concluded 

(c)  R = 5.0 x l o6 ;  M = 2.0 and 2.16 

M = 2.0 

. UPRIGHT 
cL cD 

- .  -.-2224 _ _  -..0.310 
._ -.1910 _-  ..O252 
- .1513 . .. , 0195  

.. . -. ... 11 5 1 .-._01.5_6 
.. . 0 129  __ -. 0 3 4 1  - >O.l13 

~- -.PO81 - -.0109 

..080A ..-.01.30 
. .  ..1.196 -..0158 

0 7 7  5 .  

. ... - 0 4 3 8  -.0115 

- . 1574-  - . 0198  
. .  1977  . -02.56 

- 2 3 1 3  - 0 3 1 8  

Cm 
e 0 5 9 5  

0 4 1  8 

._ ~ 

, 051  e 

. 0 2 l t  

- . 00 2 9  -. O l L  

,0320 

.0101 - 

- . 0 2 1 2  
- . 0 3 k  
-.0415_ 
- . 0 5 1 f  
-.0598 

MODEL INVERTED 

a,cieg C, CA C, 'D 
-5.12 .a19460 - 0 0 7 3 9  . . I932 

4.17 - ,15986 a 0 0 8 1 8 .  - 1 5 8 8  
3.11 s 1 1 8 6 6  - 0 0 9 0 7  e 1 1 8 0  

. .. - 0 2 4 7  
- 0 1 9 8  - ~ -  

- ... e 0.1 5 5 
.0129 
-0115 

.. . 0 13.5 
- .014-7 
- .0163 

.01e1 
_. .0-205 

- 0 2 6 0  

. -  

- . 0 3 2 8  
.0396 

M = 2.16 
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TABLE 1V.- FORCE COEFFICIENTS FOR ARROW WING WITH 
(r/c) = 0.00235 

ie 

6 (a) R = 2.0 x 10 ; M = 1.6 and 1.8 

M = 1.6 

M = 1.8 
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TABLE IV.- Continued 

(b) R = 2.0 x lo6;  M = 2.0 and 2.16 

M = 2.0 

UPRIGHT MODEL INVERTED 
C L  CD C m  a,deg C, C, C L  CD C m  . 

-5 .31 - e20784  - 0 1 0 3 6  
-4.27 - . 16852-  . 01078  
-3.27 -.12984- -01117 

-_ -2.27=.09038 - ..01153 
- -1.24 7 . 0 4 8 7 6  - 2 0 1 1 8 3  

- e 2 8  - a 0 0 9 7 3  , 0 1 1 9 6  

.- . 2 0-6 0 
. -  -.1672 
-_- - .1290 

-.0898 .. . 
- .e485 

.. 0 0 9 7  
5 7 6 _ - 2  0 3 29  5 -.01~20 5 L.0 32 8 

1 . 7 4  - 0 7 8 6 3  . 0 1 2 0 1  - 0 7 8 2  

. . . .. 

- 

6 .73  - 2 7 1 1 7  e01060  - 2 6 8 1  

1 2 . 7 0  , 4 7 2 0 6  .00874  , 4 5 9 4  . 1 1 2 5  - . 1 1 4 O r  
1 3 . 7 3  .50463  . 0 0 8 4 7  , 4 0 8 2  . 1 2 8 0  -.1700 
14 .74  - 5 3 4 5 2 -  . 0 0 8 2 5  - 5 1 4 8  - 1 4 4 0  -.1243 
15 .72  - e56227  !00812 , 5 3 9 1  , 1 6 0 1  y. lZBl_-  
1 6 - 7 0  - 5 9 2 2 4 -  _.00791 - 2 5 6 5 0  , 1 7 7 8  _-.1337- 

- 17 .78  - 6 2 5 6 5  . 0 0 7 6 7  - 5 9 3 4  - 1 9 8 4  _:.1403- 
1 8 . 7 1  e 6 5 3 7 6  - 0 0 7 4 9  - 6 1 6 8  - 2 1 6 8  -*1454- 
19 .75  e68569  ~ 0 0 7 2 1  - 6 4 2 9  - 2 3 8 5  - .1513 

M = 2.16 

. -6 .04 -..21556 
-5..01._.18042 . 
_. -4..04--.1469R_. 
-. -3.03. - . l l l 8 9 .  - 
- -2.04 .. .-.07524 

. .. - . 03  . 0 0 0 2 3  
-1.02-:.03740- 

_ _  .?7 ..03AlR.- 
- 1 . 9 6  . . e  0791.3_ 

2.96 - 1 1 6 9 3  
4 .01  - 1 5 4 4 9  

-. 4 .96  .18887--  
5 . 9 8  .223R9 
6 . 9 9 .  - 2 5 7 5 8  
7 . 9 8  .2r1899 
9 . 0 0  , 3 2 1 9 5  
9 .98  .35337  

.. 0 1 0 3 1 
, 0 1 0 6 5  

.no1097 
..01124 
. 0 1 1 5 1  .. 0 1  1 7 3  
.011R4 
.a01191 
, 0 1 1 9 3  
, 0 1 1 8 1  
, 0 1 1 6 6  

. .01115 
.010R3 
, 0 1 0 5 6  
.01033  
.01008 

. 0 1.14 1 

~.. - a 2 1 3 3  . 
.-.17RR 
... -.1458 
-~ - tl111 
~. -.9748 
-. - a 0 3 7 2  -_  
. -. . oop2  

0 3 8 0  
. 0787  

-. . . l l 6 2  
-.1533 

e1872  
2 2 2 1 5  
_.._ 2 5 4 4  

- 2 8 4 7  
- __ , 3 1 6 4  

- 3 4 6 3  

.___ 

- _. 
- 11.00 , 3 0 5 2 9  .009R4 , 3 7 6 3  --.e831-:.0930- 

1 2 . 0 0  , 4 1 6 1 2  , 0 0 9 6 0  e 4 0 5 0  - 0 9 5 9  - e0996  
12 .98  - , 44569-_ .00932  
1 3 . 9 9 . -  , 4 7 7 6 3 . -  ..0090.7 

-. 14 .99  .-.50603- _..00804 
- 1 5.9  9-. 5 34 11 _ _ _  ~ - 0 0  8 6 7 
.- 17 .OO - 5  6226___.-00844 
.- l8,02 -_.:59296 1 0 0 8 2 0  
-TR..99. .. .-62145 ~ - 0 0 7 9 9  
19 .97  - 6 5 0 2 5  . 0 0 7 7 2  

. 4 3 1 2  
e 4 6 1 3  
a 4 0 6 5  

- - 5 1 1 1  
-_ . 5 3 5 2  _ _  ~ 5 6 1 3  

_ -  . 5850  
.bo85  

. l o 9 2  
.- . 1 2 4 3  . 

-. . 1-394 
. .  .15.54 

1-72 5 
1 9 1 2  

- 2 0 9 8  
- 2 2 9 4  

- -  

-. 
- -  - . 1 0  5 7 -  - -11 2 4- -. 11 7 7  __ - 
.- - .1215 
- -.126.6... 

-.1723 .. . 
-.1380 . 
-.149h 
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TABLE IV.- Concluded 

M = 2.0 

a,deg CN 
5 .94  - 2 3 3 8 1  
4 .93  , 1 9 7 8 0  
3.83 - 1 5 7 1 7  
2.95 . I 2 4 2 4  
I . P 9  . 08291  

- a 1 3  - e 0 0 1 3 7  

-2 .06  -e08428  
-3.10 - . 12453  
-4.22 - e l 6 6 8 1  

--5.07 r . 1 9 8 1 0 .  
-6.26 - .24029 

.e78 e03681-  

-1.03 .-.04144 

M = 2.16 

MODEL UPRIGHT MODEL INVERTED 
a , d e g  CN CA CL CD Cm a , d e g  CN CA CL CD Cm 
..-6 9 7  - a  2 4  2 1 3 .  . 

-5.91 - .20808 
-4.96 - .17676  

.-. 
6 .09  ,22449  - 0 0 9 8 7  , 2 2 2 2  - 0 3 3 6  ~[03-7CZ 
7.05 - 2 5 5 4 5  - 0 0 9 5 0  -.2523--.0408- -.Ob47 
8 .09  - 2 8 8 5 3  .00910  - 2 8 4 4  - 0 4 9 6  - e 0 7 2 1  

.-7.72 .27332 

. -  h . 7 5  . , 24260-  
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TABLE V.- FORCE COEFFICIENTS FOR ARROW WING W I T H  
(r/c) ,~ = 0.00470 

(a) R = 2.0 x lo6; M = 1.6 and 1.8 

M =  

Cm 
.0778 
.066A 
, 0 5 4 2  

0 4 0 3  
, 0 2 7 1  
, 0 1 2 7  

-.0006 

___- 

~ ~ _ _  

1.6 

MODEL INVERTED 
CN CA CL CD Cm 

- .  5 . 8 3 .  -..29127. . 01120  
, 4.89 . . e24715  , 0 1 1 5 8  
. 3.84 .-.19?89 -.... 0 1 2 0 0  
_ .  2..86 - , .14879 -_.0123.4 

. 1 . R 7  e 0 9 8 4 0 .  . .so1263 
- 8 4 . . 0 4 5  35 _-. 01.28 3- 

- a 1 4  -SO0351 , 0 1 2 9 2  
. .  -1.1.6 - a05693  ..-a01256 
. - 2 ~ 1 2  .-..107.74 -_ .01200  

-3.1.7 - .16058 - 0 1 1 3 5  
. .  -4.21 -.21337 a01066  
_-5.15. 7.2 5.R14-,0.0998 
-6.20 - .30798 -SO0927 

-8.11 - . 3 8 9 8 3 .  - 0 0 7 8 4  
-9.17 - 0 4 3 6 1 7 .  a00710  

y10.17 . - .47588.  :00648 
. - 1 . 1 . . 1 b . l * 5 1 . 0 4 - a _ ~ O P h o 4  
- .  -1-2.12 --..54.6A3- , 0 0 5 h l  

-7.15 - .34985 . o o e 4 8  

.-13: 1 8 -. 5 8 57  1 - 0 0 52 3 
-14.. 1 1 . - 623.4 0 -1 0 0 476 
.;. 15.. 17..--,66.209; 00  41 0 
-16.16 - .69738 , 0 0 3 4 6  

M = 1.8 

4.96-..2 2.8 22-. o i  22 a 
5 .98  -.27063 -..01205 
7.00 - 3 1 1 0 4  . 0 1 1 7 9  

. -8.13 
-9.16 

-10.13 
.-11.16 
-12.13 
-13.17 
-14.17 

.-16.13 
-17.16 

-15.16 

-. . 0 rr5-4- 
- 0 9 3 4  

- 1 0 6 4  
e 1 0 0 3  . . . - 
- ~- 

- ,1118 
ell68 
-1213 

- 1 2 8 7  
a 1 3 5 2  

- . 1 220- 
__ 

23 

I 



TABLE V.- Continued 

(b) R = 2.0 X I O 6 ;  M = 2.0 and 2.16 

M = 2.0 

MODEL UPRIGHT MODEL INVERTED 

24 



TABLE V.- Concluded 

M = 2.0 

M = 2.16 

MODEL INVERTED 
C, CA CL CD Cm 

5.73  . .21054 , 0 1 1 3 4  
4 .70  - 1 7 5 5 5  .01152 

25 
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TABLE VI.-  FORCE COEFFICIENTS FOR MODIFIED ARROW WING WITH 
SHARP LEADING EDGE 

(a) R = 2.0 x lo6; M = 1.6 and 1.8 

M = 1.6 

MODEL UPRIGHT 

M = 1.8 

MODEL UPRIGHT MODEL INVERTED 
a , d e g  C, C, C, C, Cm a , d e g  C, CA CL CD C m  



TABLE VI.- Concluded 

M = 2.0 

M = 2.16 

27 
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TABLE VI1.- FORCE COEFFICIENTS FOR MODIFIED ARROW WING WITH 
(r/c),e = 0.00235 

6 (a) R = 2.0 x 10 ; M = 1.6 and 1.8 

M = 1.6 

MODEL UPRIGHT MODEL INVERTED 

M = 1.8 

28 



TABLE VI1 . -  Concluded 

(b) R = 2.0 x lo6 ;  M = 2.0 a n d  2.16 

M = 2.0 

MODEL UPRIGHT MODEL INVERTED 
a,deg CN CA CL  CD C m  a,deS CN CA CL  CD Cm 

-6 a 2 7  .:. 2 4 4 4 5 .  - 0 0  976 ,--.a 2419.-.~.0364 
-: 2 0 5 1.. . .. 0 29-1 

-4.25 - e 1 6 8 5 0  , 0 1 0 7 8  - .1672 - 0 2 3 2  
.. -5.2.4 .:a? 0692-. 0 1  02 8 

- 3 . 7 4  
4.. 7 6  
5 ~ 7  6 
6 .76  
7 ._7 6 
82.7 5 
9.75 

10 .76  
1.1 . 7 3 

..12. 7 3  
- -1 3.. 7 4 
-14.74 
. 15: 7.6 

16 .75  
.. 17-17 . 5 

1 8 . 7 3  

- 0 6 4 6  

,0452  
03% 

a0136  
e0015 

-.0222 
~ - .0327 

- e0435  
. -00534 

- - . O b X  - .07_= 
- . 0 7 9 5  

. - . O R E  
- . 0 9 4 L  

. - . l O l . I -  

. - - 1  0 7.8- 

. -. 11 42-. 
- .1198 
-.125-2 - - ,12 R 5- - - 1 3  35-._ 
- . r3 t la_  
- .1444 

-__ 
yo= 

. 0 2 4 L  

-. ~ ~- 010'J 

-3.11 -..l3246 
il 08--. 0 9 0 3 7  
1 . 0 9  .05010  

. 0 9  , 0 0 8 R O  

-e01123 
-0 1.1.5 5 ... 0 1 1 8 4  

- 0 1  209 

__ .-2079 
._lh93 

- . 1316  
_. * . 0899  
__ 0 4 9 9  

, 0088  

-_- .O 299 
. -. . 0 2 3 7 .  
... .0190- 

. 0 1 3 2 .  
, 0 1 2 3  

. . .  - 0 1 5 4  

- . 0 5 _ 6 .  
-.0464 - , 0 3 6 3  
- . 0 2 5 2  - . 01 4 . l  
-.OO2b 

- 
-17.9;! - .63146 . 0 0 4 P 1  - e 5 9 9 4  a1988  e l 3 8 0  

M = 2.16 

MODEL UPRIGHT MODEL INVERTED 
a,@ CN CA CL CD Cm a,deg CN CA CL CD Cm 
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TABLE VII1.- FORCE COEFFICIENTS FOR MODIFIED ARROW WING WITH 
(r/cIle = 0.00470 

(a) R = 2.0 x lo6; M = 1.6 and 1.8 

M = 1.6 

- -6 .04_- .26536-  .01072 -.2628_ .0385- - 0 7 1 4  

_ _  .~ 
-18.16 - e69452  -.00403. -.6587 -2202 , 1506  
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TABLE VI11 .- Concluded 

(b) R = 2.0 x I O 6 ;  M = 2.0 and 2.16 

M = 2.16 

MODEL UPRIGHT 

Cm 
-.0550- 

-.03flO 

- . 0 1 9 3  

- . O h 6 6  

-.02RO_ 

- .OO?- 
-.on02 __- 

.0100 

.0203 
a0301  

0388 

-~ 

.0476 
-0562  

.Of355 
, 0 9 8 7  

e0710  

1 1 0 3  

a12R7 

___ 
.1202- 

.1792 
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( a )  Reference arrow wing. 

Figure 1 .- Wind-tunnel model d e s c r i p t i o n s .  

b 
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Figure 1 .- Continued. 
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